This study investigated whether early signs of attention deficit hyperactivity disorder (ADHD) in toddlers aged 2-3 years are associated with disturbed sleep and activity levels. Participants were recruited from the Odense Child Cohort, and children scoring above the 93 rd percentile on the ADHD scale of the Child Behaviour Checklist 1½-5
Sleep is assessed through objective (i.e. technical devices) and subjective measures (i.e. questionnaires). Objective sleep data are collected by either polysomnography (PSG) or actigraphy, of which PSG is considered the reference standard (Cortese, Faraone, Konofal, & Lecendreux, 2009; Owens, 2008) ; however, its limitations (expensive and laboratory setting) discourage its use in longitudinal data collection. Actigraphy is a cost-effective method and its reliability and validity are well established (Sadeh, Hauri, Kripke, & Lavie, 1995) . Assessing sleep in preschool children with actigraphy using Sadeh's algorithm has provided reliable estimates of sleep latency and total sleep time in children (ages 2-5 years) (Belanger, Bernier, Paquet, Simard, & Carrier, 2013) . However, simultaneously, PSG recording showed that the actigraph (Sadeh's algorithm) overestimated awakenings compared with PSG.
Studies examining the relationship between ADHD and sleep have yielded inconsistent results when comparing subjective and objective measures of sleep (Owens, 2005) . Studies using actigraphy found significantly prolonged sleep onset latency (Hvolby et al., 2008) , altered sleep efficiency (Moreau, Rouleau, & Morin, 2014) , increased intra-individual night-to-night variability (Gruber, Sadeh, & Raviv, 2000; Hvolby et al., 2008) and fewer but longer sleep interruptions (Owens et al., 2009 ) in children diagnosed with ADHD compared with healthy controls. However, another study found no difference in night-to-night variability by actigraphy in children with ADHD compared with healthy controls (Poirier & Corkum, 2015) .
Recent studies found a higher parent-reported sleep problem score in children with ADHD compared with controls (Virring, Lambek, Thomsen, Moller, & Jennum, 2016; Wiebe, Carrier, Frenette, & Gruber, 2013) . However, the parent reports are not always verified by actigraphy (Corkum, Tannock, Moldofsky, Hogg-Johnson, & Humphries, 2001 ) and PSG (Choi, Yoon, Kim, Chung, & Yoo, 2010) .
Although sleep patterns seem to be altered in school-aged children with ADHD, it remains unclear whether such alterations can be found in undiagnosed toddlers with ADHD traits. We therefore hypothesise that toddlers with ADHD traits show similar sleep alterations, and further that the ADHD traits during daytime will be detectable on actigraphy. Therefore, the aim of this study was to investigate sleep pattern, night-to-night variability and daily activity in toddlers with early signs of ADHD (ADHD traits) compared with age-and gender-matched controls.
| ME TH OD

| Design
The study was designed as a nested case-control study within a prospective population-based birth cohort.
| Participants
The participants in the present study are all part of a Danish birth cohort, the Odense Child Cohort (OCC) (Kyhl et al., 2015) . All women pregnant between 1 January 2010 and 31 December 2012 in the municipality of Odense were invited to participate (Figure 1). A total of 2,549 participants were included in the OCC, and 1,568 of them completed the Child Behaviour Checklist 1½-5 (Achenbach & Rescorla, 2000) , which constituted the sample from which we selected our cases and controls.
Children under the age of 48 months and scoring high, ≥6 (above the 93th percentile), on the ADHD scale of the Child Behaviour Checklist for Ages 1½-5 (CBCL1½-5) were invited to be in the study group. Age-and gender-matched controls were selected among children with an average to low score, ≤2 (equals at or below the median score of the sample), on this ADHD scale. We aimed for 25 participants in each group. For further details on sample selection, see Figure 1 . Parents of invited children who agreed to participate completed the Children's Sleep Habits Questionnaire (Owens, Spirito, & McGuinn, 2000) and the ADHD Rating Scale IV Preschool Version (McGoey, DuPaul, Haley, & Shelton, 2007) ; both measures were assessed during the week of actigraphy. If missing data exceeded 10%, the questionnaires were excluded.
| Measures
The CBCL1½-5 (Achenbach & Rescorla, 2000) is a parent-informant questionnaire containing 99 problem items to be rated on a Likert scale as 0 = not true, 1 = somewhat or sometimes true, and 2 = very true or often true.
The CBCL1½-5 assesses emotional and behavioural problems in preschool children, scored on a number of subscales. The Attention Deficit/Hyperactivity Problem subscale consists of six items (range 0-12). Higher scores represent a higher load of ADHD problems.
Based on Danish population norm scores, a high ADHD score was defined as ≥6 points and a low ADHD score as ≤2 points, representing the 93th and 50th percentile, respectively (Kristensen et al., 2010) Parents completed the CBCL1½-5 at age 27 months. The Children's Sleep Habits Questionnaire (CSHQ) is a sleep screening tool for children aged 4-10 (Owens et al., 2000) , which has been translated into Danish by Leth, Arnberg, Høyer, and Esbjørn (2008) . The CSHQ is a parent-rated questionnaire that assesses different patterns and behaviours associated with sleep. Parents rated frequency in the past week as 'often' (five to seven episodes within the past week), 'sometimes' (two to four episodes within the past week) or 'rarely' (never or one time within the past week). The CSHQ total score is calculated by summing 33 scored items (range 33-99), which creates a total sleep disturbance index in which a score above 41 indicates the presence of disturbed sleep (Owens et al., 2000) . An actigraph is a wristwatch-like device that collects data generated by body movement. Actigraph data were recorded using the comparable ActiGraph devices wActisleep-BT and wGTX-BT (Actigraph, Penacola, FL, USA) and the corresponding software ActiLife 6.0. The actigraph was placed on the child's non-dominant ankle for 7 consecutive days and nights. Devices were randomly distributed between cases and controls. Parents were instructed to record time and date of any actigraphic discontinuations. If fewer than four eligible nights were recorded, another week of actigraphic measurement was conducted.
Nocturnal activity was analysed using a specifically developed algorithm for differentiation of sleep and wake periods in infants (Sadeh, Lavie, Scher, Tirosh, & Epstein, 1991; Sadeh, Sharkey, & Carskadon, 1994) . Raw data were analysed in 30-s epochs (with either 'activity' or 'no activity' based on accelerator counts). The acti- Night-time actigraphic data were excluded if parents failed to report discontinuations or bedtime in the sleep diary. Daytime measurements were excluded if the actigraph had been removed for more than 6 hr and this was reported in the diary or confirmed by parents.
| Statistics
Statistical analysis was performed using STATA version 12, with p < .05 considered statistically significant. Mean values from questionnaires and actigraphy were compared in the following three ways: (i) actigraphic data, CSHQ and ADHD-RS for cases and matched controls were compared within groups using an independent t test (Mann-Whitney); (ii) gender distribution and socio-economic status (SES) were compared using the chi-squared test; and (iii) the correlation between actigraphic sleep parameters and night-to-night variability as predictors of the questionnaire scoring was analysed using linear regression with robust variance estimates. The adjusted analysis controlled for maternal age and SES. cases and 25 controls, completed actigraphic measurements for 7 days, with a range of 4-7 nights of recording (see Figure 1 ). Seven nights of sleep were available for 33 children, six nights of sleep for 15 children and two children had, respectively, five and four nights of recording. A total of 156 days and 154 nights from the high-scoring case group, and 168 days and 169 nights from the low-scoring control group were included in the final analysis. Significantly more days and nights were excluded from analyses in the case group. Sufficient CSHQ and ADHD-RS completion was available from the parents of 20 cases and 24 controls, and the parents of 17 cases and 21 controls, respectively. There were no significant differences between cases and controls in terms of age, SES or gender (Table 1 ).
| Ethics
The two groups differed in the CBCL total problem score (p < .01) and in the related CBCL ADHD score (p < .01) from which they were selected.
| Actigraphic sleep
Case children with early signs of ADHD had a longer total duration of sleep time compared with low-scoring controls (p = .01) (see Table 2 ). Cases further differed from the control group in having fewer sleep interruptions (p < .01). No difference in sleep latency was detected. In night-to-night variability, we found that cases experienced a more irregular number of sleep interruptions compared with low-scoring controls (p = .01) (see Table 2 ).
| Actigraphic Moderate-to-Vigorous Physical
Activity (MVPA)
Cases spent significantly fewer minutes in a MVPA per day compared with low-scoring controls (p = .01) (see Table 2 ).
| Questionnaire data
As illustrated in Table 3 , the ADHD-RS total score (p < .01) and ADHD-RS hyperactivity score (p < .01) were rated higher by parents in the case group compared with controls. Further, no difference in the two groups' in bedtime, out-of-bed time and CSHQ total score was found.
| Actigraphic parameters as predictor for questionnaire scores
Robust variance estimates were applied for all calculations involving ADHD-RS, as the data were not normally distributed. As illustrated in Table 4 , moderate-to-vigorous physical activity (MVPA) per day was negatively correlated with the child's ADHD-RS hyperactivity score (p < .01), emphasising that the fewer minutes in MVPA per day, the higher scoring on the ADHD-RS hyperactivity score. The negative correlation remained significant when adjusting for maternal age and SES (p = .01).
The variability in actigraphic SL was found to be significant as a predictor for the CSHQ total score in the unadjusted (p = .02) and adjusted analysis (p = .04). In addition, high variability in sleep interruptions was associated with higher ADHD-RS total score and was also significant in the unadjusted (p = .03) analysis. No further correlations were found between the remaining actigraphic parameters and questionnaire scores. Actigraphic day variables were averaged for each child for his/her exact number of usable days through the actigraphic software. In total, 156 days from cases and 168 days from controls were available for analysis. *Independent t test analysis was conducted for all actigraphic variables, comparing children with early signs of ADHD with controls. There are very few empirical data on sleep patterns for toddlers (aged 2-3 years), and it is conceivable that the rather consistent finding of shorter or equal total sleep time associated with ADHD in school-aged children is a result of later onset, and therefore secondary to the development of ADHD core symptoms.
| DISCUSSION
Even though cases had significantly fewer sleep interruptions, we still found a large number of interrupted sleep periods in both cases and controls. Consistent with other studies (Owens et al., 2009) , we suggest that they are not to be considered actual awakenings, but should be interpreted as a general measure of sleep discontinuity combined with an excess of nocturnal motor activity and wakefulness.
The findings of prolonged SL among school-aged children (Hvolby et al., 2008; Moreau et al., 2014) were not verified in our much younger sample. Consistent with previous research, we found no difference in SL between groups (Owens et al., 2009; Waldon, Vriend, Davidson, & Corkum, 2015) . Although the current study reliably identifies group differences, it is essential to note that without knowing whether the exact same actigraphic algorithm is used, comparison of sleep statistics across studies must be carried out with caution.
The subjective sleep measure (CSHQ) was unable to detect any group difference, as the mean CSHQ total scores for both groups were above 41 points, indicating the presence of problematic sleep T A B L E 3 CSHQ and ADHD-RS IV PV scores for children with early signs of ADHD and controls* Questionnaires for further analysis were available for n = 17 cases and n = 21 controls. *Independent t test analysis was conducted for all variables comparing children with early signs of ADHD with TD controls.
T A B L E 4 Actigraphic parameters as predictors for questionnaire scores in the total sample unadjusted and adjusted regression coefficients with robust variance estimates* in both groups. An explanation could be that parents, regardless of ADHD traits, are distressed by a toddler's unforeseen sleep pattern.
Further, the CSHQ cut-off developed for children aged 4-10 years may not be suitable for our younger sample.
Night-to-night variability revealed a more irregular sleep pattern in the case group. This is consistent with the findings of Gruber et al. (2000) , who found increased instability in total sleep time (aged 5-14 years), and Hvolby et al. (2008) , who found increased instability in sleep latency (aged 5-10 years). Thus, there seems to be a tendency towards an irregular sleep pattern in ADHD children, but inconsistency regarding impaired sleep parameter. Secondary analyses of actigraphic sleep parameters and questionnaire scores showed that night-to-night variability in SL was significantly associated with total scores from CSHQ and ADHD-RS, suggesting early sleep dysregulation in ADHD children.
Parent-reported excess motor activity in the case group was not verified by actigraphy, which is consistent with findings by Licht and Tryon (2009) . Unexpectedly, the time spent in an MVPA per day was inversely related to ADHD-RS hyperactivity score and this remained significant after adjusting for maternal age and SES. The discrepancy between subjective and objective activity assessment raises some questions related to the parents' perception, expectation and understanding of their child's appropriate activity. Parents' report of daily activity may be influenced by their view of the child's activity as meaningful and goal directed or, in the case of problematic children, unfocused, restless and untargeted. Further, the challenging behaviour reported by parents in the case group could be as a result of the children moving more frequently, not more vigorously.
Our results may be biased by misclassification of no activity (continuous epochs of zero activity) in the actigraphic measurement.
Only if continuous epochs of zero activity were confirmed as 'actigraph off' by parents, were these intervals expelled from analyses.
'Actigraph off' episodes misclassified as inactivity may, if more were present in the case group, have enhanced the risk of underestimating MVPA in this group compared with controls.
| Limitations and strengths
A CBCL completion rate of 61% in the OCC is a potential selection bias. Mothers with a higher educational level are over-represented in the cohort (Kyhl et al., 2015) and our results may not generalise to children from mothers of lower educational level. Further, our small sample may not be representative of the total cohort from which it was drawn. Secondly, there is a risk of measurement bias with the actigraph not being able to display sleep architecture or distinguish between lying immobile in the bed and actually sleeping, potentially overestimating total sleep time. We have tried to minimise the misinterpretation by allowing four consecutive epochs (2 min) with no activity before actigraphic sleep onset.
Actigraph removals during the day (in day-care institutions and at home) were insufficiently reported in the sleep diary, rendering inadequate collection of daytime naps, and were therefore excluded in our final analysis. Whether an included analysis of daytime naps would have provided a different outcome for the total sleep analysis is unclear; had the distribution of daytime naps in cases and controls been available it may have suggested an equal amount of total sleep time or even reversed our results concerning total sleep time. Further, a skewed loss of actigraphic data during the day could have affected our measurement of MVPA and the current results could be an over-or underestimation.
Additionally, the CSHQ was originally developed for children aged 4-10 years and may not have been ideal for our younger sample. However, no other Danish sleep instrument was available at the time. The strength of our study is the use of both objective and subjective measures. Although actigraphy is not the reference standard when assessing sleep, a validation study accentuates the reliability of actigraphy compared with PSG, and allows a reliable continuous recording of a child's activity and sleep in his or her habitual environment.
| Implications and conclusion
In conclusion, our results based on 49 Danish toddlers aged 2-3 years suggest that ADHD traits are associated with an increased night-to-night variability but not a prolonged SL or shorter total sleep time. Additionally, toddlers with ADHD traits showed less moderate-to-vigorous physical activity during the day, although subjective ratings of hyperactivity in ADHD-RS were significantly higher in cases than in controls. This suggests that the consistently higher parent reporting of excessive activity in toddlers with ADHD traits is difficult to detect by actigraphy.
The greater variability in sleep patterns may be the first sign of impairment of the regulation of sleep or arousal in toddlers with ADHD, and this irregularity in sleep quantity could be a mediating factor that exacerbates or directly contributes to the problems of children with ADHD.
Future research should include longitudinal designs with multiple follow-up and specifically investigate whether the disturbed sleep and activity patterns follow different pathways in children with ADHD symptoms. The discrepancy between parent reports and objective measurement could also be subjected to further research.
